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I. INTRODUCTION 
A. Statement of Pr oblem 
( 9) 
In the past few years work has been done to treat the military 
photo -interpreter as a component of the aerial photographic system. His 
job is a difficult one in interpreting objects in a photograph in terms of 
what they represent and their value to military intelligence. The task 
of dealing objectively with the observer on a scientific basis is extreme-
ly difficult because of the md:tiplic i ty of variables involved. Consider 
a human be ing analyzing a photograph. There are a great many factors 
to be taken into consideration. For example, some time ago the Boston 
University Physical Research Labo ratory requested a group of mili-
tary photo -interpreters to grade various photographs of different sub-
jects and of various qualities. ( S) The grading was done on the basis 
of whether the photographs were usable or unusable for photo-inter-
pretation. Some interpreters graded most of the pictures usable while 
others graded most of the photographs unusable. There also seemed 
to be little agreement as to what was needed or what criteria should 
be used for judgment in a picture. With this in mind it would prove 
interesting if the quality of a picture could be determined objectively. 
If this can be done then there must be some property present in the 
usable picture that is absent in the unusable picture. 
It is intuitively evident that the quality of a photograph is depend-
ent in some way on the image detail present. To be visible to an 
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observer these picture elements must stand out from the surrounding 
background. For our purposes the boundary which separates the ''ele-
ment" from the background is defined as a photographic edge. The 
edge visibility threshold is that boundary surrounding the picture ele-
ment which is just visible to an observer. This edge visibility thresh-
old is dependent upon the picture element size, the picture element 
density, the background brightness, the slope of the edge, the bright-
ness difference across the edge, and the length of time the observer 
views the picture element. It might be said then that the problem is to 
determine the quality of a photograph from the variables that determine 
the photographic edge. 
By proper selection of the type of picture to be analyzed some of 
these variables can be either eliminated or averaged out. This study 
will be devoted to an analysis of the slope of the edge and the brightness 
difference across the edge. If there is a difference in the variables 
chosen for graded qualities of pictures then we are on the right track. 
(That is, if the quality of the picture is dependent on the picture ele-
ments and the picture elements are dependent upon its edges). Now if 
the edges are dependent upon the edge slope and edge brightness dif-
ference, then the quality of a photograph can be interpreted in terms of 
this edge slope and brightness change. 
For the purposes of this thesis we shall define an edge electron-
i c ally .as that region of a one-dimensional waveform scan of a photograph 
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with a positive slope between any two points of the scan where the slope 
is zero. 
B. Previous Work Done on this Subject 
This thesis is a modification and continuation of the work(lO) 
started by Dr. Duncan E. Macdonald and his staff. Independently 
graded photographs were submitted to this group for study. Micro-
densitometer traces were made across the graded photographs and these 
traces were analyzed visually. The method of analysis consisted of 
measuring the traces for changes in reflectivity between successive 
troughs and peaks of the waveform. If R is the reflectivity of the 
0 
trough and R 1 is the reflectivity of the peak then A R IR = (R 1-R 0 ) IR 0 , 
where only AR IR greater than or equal to 0.1 was accepted as an edge. 
The number of edges were counted for a given magnitude of L::J.RIR and 
plot made of frequency of edge counts versus the magnitude of .6RIR. 
The slope of the edge was also measured, that is ~ R I h x =(R1-R ;yCJ. x 
where D. xis the distance on the photograph between R
0 
and R 1• A plot 
similar to the one above was made for frequency of edge counts versus 
the magnitude of .D..R I bx. Other measurements were made, such as 
the distance between edges for the graded pictures,. but :the results 
showed no significant difference among pictures of different classifica-
tion. 
The photographs submitted to this laboratory by various com-
mercial paper corporations are aerial photographs of trees used by the 
respective companies in determing species, stand height and stand 
lX 
density. Three photographs used in the above analysis were sub-
mitted by the Great Northern Paper Company, Bangor, Maine, and 
were graded by that agency as (A) not quite good enough, (B) just good 
enough, and (C) excellent. A commercial organization was selected 
because it was thought that economic needs plus experience would die-
tate the quality of the pictures. Tree photographs were chosen because 
the spacial frequency of the picture elements is fairly constant and a 
one -dimensional scan in any direction produces approximately the 
same waveform. 
If the boundary surrounding a picture element determines 
whether or not the individual can see the element, the quality of the 
picture must be a function of this boundary. We call this boundary the 
photographic edge. Dr. Macdonald defines an edge as the region in a 
line scan between suc c essive trough and peak where .AR /R is greater 
than or equal to 0.1. But, intuitively the slope of thi s curve where an 
edge is counted must enter into the picture quality also. For example 
consi der a picture with a constant reflectivity change of AR /R equal 
to ten percent across the whole picture. The eye can discern no 
specific boundary. In another picture the reflectivity is constant for 
half the picture and then changes to another reflectivity which is con-
stant for the remainder of the picture. In both cases ~R /R may equal 
ten percent but clearly the eye can see an edge in the second picture 
where it could see none in the first. The slope in the first case is 
X 
constant across the photograph. The slope of the second picture is . 
zero for the first half of the picture, then infinite where the step func-
tion oc curs, then zero again for the remainder of the photo. 
C. Justifi cation for this Approach to the Problem. 
Upon reading Dr. Macdonald's report(lO) of his work it was 
felt that much of the arduous task of analysis could be done electron-
ically. 
This equipment also has a possible application towards increas-
ing the quality of a television reconnaissance system by enhancing the 
edges in a poor television picture. For example, if the derivative of 
all edges above a specified minimum were added to the original pic-
ture more information might be available to the observer. This appli-
cation is not limited to television but applies to any system using 
cathode ray tube presentation or recording. 
D. Method of Attacking Problem. 
As has been stated, the method for getting data is wholly 
electronic. No criterion is to be used such as l:lR/R equal to or 
greater than 0.1. A similar criterion is, however, implicit in the 
adopted resolution of the apparatus (reference II B) but probably can-
not be directly compared to~ R /R. This thesis is concerned with the 
dR 
edge analysis in terms of 1) slope dX, and, 2) relative reflectivity, 
that is the difference in reflectivity between each succeeding trough 
and peak of a linescan waveform. All slope and relative reflectivity 
xi 
edges are counted within the ability of the electronic system. 
Five photographs were analyze d during this study. Three of 
the pictures are the same used in Dr. Macdonald's study; i.e. three 
prints from the Great Northern Paper Company of trees with quality 
A, B, and C previously described. The photographs are of scale 
1:15, 840. The other two photographs are aerial photos of the Boston 
suburban residential area. They were chosen from the film library of 
this laboratory by an individual with experience in photography, but 
ignorant of the work being done in this the.sis. The instructions given 
in the selection of these photographs were to select a usable and an 
unusable photograph comprised of as similar detail as possible. The 
good photograph (hereafter noted as G) was taken with a K -18 camera 
at a magnification of 1:3333 and the poor photograph (hereafter noted 
as P) with a K-22 #2 camera at a magnification of 1:3003. Prints of 
these negatives were enlarged to the same scale. All prints were made 
at a gamma of one. The prints were attached to a drum which was 
caused to rotate at a constant velocity. In the case of the suburban 
pictures the photos were mounted on the drum with the street and house 
detail at a forty-five degree angle with the direction of rotation of the 
drum. See figures II and III. The drum was illuminated with a suit-
able light source and viewed through an optical system. A photo-
multiplier tube was mounted behind a pinhole in the image plane and 
served as the input to a Direct Coupled amplifier. Hence the output of 
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the . D. C. amplifier represents the linescan waveform of the reflectiv-
ity of the print. This waveform is then operated on to give the slope 
and relative reflectivity which in turn is level selected and counted. 
1 
II. Theory and Operation of Derivative Apparatus 
A. Theory of an Electronic Differentia tor (S)' ( 6) 
An arbitrary waveform can be expressed ·in Fourier Analysis 
form as the sum of sine waves of all frequencies. We can represent 
the input to a theoretically perfect differentiator as follows: ( ?) 
let e,, = GCO: ..S~-rr j'F. ... (w) e i"'~ Jw 
-00 
JG-(t) I d _ h00 ( "\ iwt: I 
eQu..t = dt -:: \IJ.:1t' K.J F\"' {,JJe ow 
0oo -oo . t = -L w ~· (w)e,~ dw V:J..""n"' •O 
. -CO 
demand that 
F in(w} is the Fourier Transform of G(t), or the spectrum of 
the input. jWF. (w) is the Fourier Transform of dG(t)/dt, or the 
ln 
spectrum of the output F t(w). Alternatively, cohsider a black box 
ou 
unit such as at the top of figure 1, which we assume to be a linear system. 
That is 
If the system's response to a pulse is h(t), the general 
expression for the output can be represented as a convolution integral. 
foul(~);+....,( r) he\- r )d T 
-00 
Now, taking the tra~form of the out; 
0
. 
00 
. -jw~ -jv,:,-l fovA-(<»)~ .J.J.,.jH:) e ""= = -r~....- e d-t 
-c:>O 
-co 
write 
Then 
But 
and define 
Then 
but from above 
which says that the amplitude response is proportional to frequency and 
leads in . phase by ninety deg r ees. 
Now, looking at f i gur e 1, we se e that the amplitude response is 
-= R. - )W 
rl:-t_L - ' . 
"""- j<.u<. Rc: + ) w 
which nearly equals j(,..') R C for R C having a s mall value with r espect t o 
the input f r eque n cy Cu . Henc e we c an approxi mate a good differentiator 
within a certain frequency range by the pr ope r choice of R and C. 
Suppose we put into the RC differentiator a trapezo idal waveform 
that has change s of slope at times t
0
, \• t 2 , and t 3 , and ha s a maximum 
vo ltage of E. (See f i gure 1.) 
Then the v o ltage equation of the c i rcuit is: 
l R_ T-.J_J~ d-\- = _L -\:-
c. *~ 
S olving by the method of Laplace t r ansfo rms, t h e output v o ltage between 
time t 0 and time t 1 is ( _ -\:- ) 
e =_LRC t-e R<-
c -t. whe r e -\., ~ + ~ t() 
3 
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R 
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Figure I - DIFFERENTIATOR 
and from t1 to t 2 e()~ g_G-i ~C )(e _ i<.) 
+, 
similarly from t 2 to t3 
. -E ( -±) e~-= t, ~( \\-e R<.. where 
and 
where {- ~ ~ t 71' -t t 
-\-3~-\:qt:l. 
+,=t3-tA 
Hence if RC is very small compared to the rise time of the input, the 
4 
output wavefo:rm approaches that of a theoretically differentiated wave. 
The amplitude of which is equal to ERC/t1 for the leading edge of the 
trapezoidal waveform. 
B. Transducer 
In describing the system we shall start with the picture mounted 
on the rotating drum and work through the system to the counter in the 
order that the events occur . . See Figures II a nd III. 
The drum is driven by an electric motor in much the same 
manner as a phonograph turntable • . The drum speed can be varied by 
using different diameter friction drive wheels. This method was de-
cided on in order to maintain the least fluctuation in the drum speed by 
any variations in the motor or gear train. The drum, motor, . etc. are 
mounted onto the saddle of a lathe bed. The saddle can then be moved 
along the lathe bed in the direction parallel to the axis of rotation of 
the drum. By this means any line on the photograph can be scanned. 
The source of illumination for the photographs is provided by 
four, 6 1/2 volt G. E. #1493 bulbs in series with an inductance filter 
across a 28 volt direct current line. The light source is positioned 
with respect to the photographic target to provide the signal level re-
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quired from the photo multiplier tube. 
The optical system used is a Bausch and Lomb f-5. 6 Telephoto 
Anastigmatic lens system from an aerial camera. The lens system 
has a focal length of twenty inches. It is mounted to provide a one to 
one magnification from the target to the aperture. 
The target is focussed on a pinhole whose size can be varied by 
adjusting a micrometer screw. The size of the pinhole is governed by 
the required resoluti on of the system. Since the photo ..:multiplier inte-
grates the light energy over the aperture we wish as little variation of 
picture element as possible of that portion of the target imaged on the 
aperture. The pinhole must then be smaller than the smallest picture 
element of the target. With the pinhole fixe~ the bandwidth of the 
amplifiers are fixed by the speed of the drum since this speed determines 
how fast objects pass the aperture, or in other words, the signal fre-
quency. 
Assuming a value of 22 lines per millimeter resolution on 
high contrast USAF target as a value for the resolution of the good 
photos, the tree pictures were enlarged forty-two diameters to provide 
a maximum spacial frequency of 1/2 line per millimeter. The other 
two photographs were enlarged commensurately to provide the same 
scale. 
( 6) 
Since the drum rotates with a periphery speed of 4. 75 milli-
meters per second, the scanning _rate is two lines per second at max-
imum resolution. If we choose the aperture width to be one millimeter 
8 
the area on the target seen at the aperture is given by: 
A = (Ms) 2 
s where M = system magnification = 1 
s = aperture width = 1 mm 
Then it is seen that the maximum resolution of the aerial photo is 
easily resolved by the system so far described. To preclude the pos-
sibility of photographic noise passing the system (i.e. effect of grain 
size, etc.), the system must be bandwidth limited. The aperture will 
resolve a bar target of wave length equal to twice the projected width 
of the aperture on the drum. Then the period of the maximum frequen-
cy that may pass the system unattenuated is: 
2 (projected aperture width on target) 
T = (speed of drum rotation) 
T = 0. 421 seconds 
1 
2 Ms 
=(4.75) --
frequency = f = T = 2. 38 cycles per second 
That is, the system will attenuate all frequencies above 2. 38 cycles per 
second. Hence all higher noise frequencies pre sent in the picture are 
effectively filtered out. 
The target is focussed on the aperture and the photo-tube is 
placed behind the pinhole so that the maximum portion of the photo-
cathode is utilized. The load of the 931A is the grid resistor of a plate 
loaded amplifier shown in figure IV. 
C. Differentiator 
The plate loaded amplifier associated with T -1 serves two pur-
poses; first, to Supply the differentiator with amplified voltage of the 
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linescan waveform, and se cond, to supply the Lee ds and Northrup 
pape r re corder w i th the same waveform. The d iff e rentiator c onsists 
of O. 1 micr ofarad c ondenser and a 910 K resistor. Thi s R C netwo rk 
has a time c onstant of O. 091 sec onds. The time c onstant of the 50K 
plate r esistor ofT -1, O. 1 microfarad coupling condense r i s so sho rt 
compared with the frequen c y of the wavefo r m that it d o es not adversely 
affect the input signal. The line scan waveform has a measured fre-
quency on the best quality pic tures from O. 25 cycles per second to 
0. 055 .cycles per second. The rise time of these waveforms varied 
f r om two se conds t o five se conds, The r efore the differentiator was 
designed so t h at: 
1 
R C ~ lO•rise t i me 
RC ~ O. 2 se c . 
The R C t ime constant of the network used is 0. 091 se c onds. From the 
theoretical c ons iderati ons at the beginning of this chapter, consider: 
ideally: 
actually: 
rise time = t = 2 seconds 1 
RC = 0. 091 s econds 
11 
See figure I. 
D. Level Selector 
It is seen that the low end of the 910K resistor of the differen-
tiator circuit is returned to a lOK potentiometer through a voltage 
dropping neon bulb to a minus 150 volt supply. This enables setting 
any grid bias desired from minus 83 to zero volts permitting the D. c. 
plate voltage of T -2 to be adjusted from 38 volts to 300 volts. 
E. Schmitt Trigger Circuit 
Tubes T -3 and T -4 with associated c~rcuit comprise a "Schmitt 
Trigger circuit". (4 ) The ~ircuit .shown her'e triggers at 92 volts. 
See figures IV and V. This permits adjusting the grid bias on T-2 so 
that the D. C. plate voltage can vary between 38 and 92 volts. The 
plate of T-2 also serves as a supply pointfor the paper recorder which 
records the derivative of the linescan. 
The Schmitt Trigger circuit has been found exceptionally use-
ful for this type of work because the output can assume only two stable 
states depending on whether the input is above or below trigger paten-
tial. Thus we receive a constant amplitude step function on the output, 
ideal for triggering a counter when differentiated, whenever the input 
rises above the trigger potential or falls below it. It can be seen from 
the above that this is a convenient method for converting an odd wave-
form to a square wave. Because of these prope.rties the circuit is 
12 
sometimes called a ''voltage discriminator or slicer". The initial 
state is that of T -4 conducting and the grid of T -3 below cut-off. If 
now the input to the grid of T -3 is raised above cut-off, T-3 begins to 
conduct. This will be reflected through the feedback network, plate of 
T 3 ., lOOK resistor, grid of T-4, SOK resistor, and ground in lowering 
the grid of T -4, which in turn is amplified through the cathode coupling 
onto T -3. There it has the same effect as raising the grid of T -3 by 
the loop gain. This in turn causes the plate of T -3 to fall to a lower 
potential. The regenerative loop continues until T -4 is cut-off. The 
circuit remains in this state with T -3 conducting and T -4 off until the 
input to the grid of T-3 is lowered to cut off when the process through 
the regenerative loop operates in reverse to cut off T-3 and restore 
T -4 to conduction. The circuit is strictly a trigger circuit only when 
the gain around the regenerative loop is greater than on~ for some value 
of the input voltage, otherwise a relaxation oscillator or amplifier 
will result. The extent to which the maximum gain i.s greater than one 
determines the hysteresis of the circuit. Hysteresis is defined as the 
voltage differential of the input to trigger the output in rising above 
trigger potential to that input potential required to flip the output to its 
original state. This effect is more evident if we plot the output plate 
voltage versus input voltage as in figure V. For the purposes of this 
experiment hysteresis must be at a minimum. Since for a large 
hysteresis, the differentiafor voltage peaks with maximum voltage be-
l ·: 
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tween the potential required t o flip the circuit to semi -stable state 
and the voltage needed to flip it back to the normal stable state, would 
not be counted . The greatest effect would be n o ted at the zero level 
where all slopes should be counted, but with large hysteresis only those 
slopes are c ounted which are greater than the hysteresis voltage. The 
par ameter most easily varied in the regenerative loop without adverse-
ly affecting the operating points of the circuit is the plate resistor of 
T -3. By choosing 5. 2K ohms the hysteresis voltage was reduced to 
one and one-half volts. Values less than 5. 2K ohms c ause the c ircuit 
t o degenerate into a simple two stage R -C coupled amplifie r . 
F. Ele c tronic Counter 
The output of the Schmitt trigge r circuit is fed into a differ-
entiato r c onsisting of 1000 micro-micro-farads and a one megohm re-
sistor returned to B+ voltage. The differentiator output c onsists of 
positive and negative spikes. Since the plates of the double diode T-5 
are at B+ voltage, the positive spikes cannot pass T-5. Hence only 
the negative pulses are passed through the diode. 
Tubes T-6 through T-19 with their associ ated circuits comprise 
the counter as shown in figures IV and VI. Tubes T -6 and T -7, T -10 
and T-11, T-13 and T-14, T-16 and T-17 and their associated circui try 
a r e known as Eccles -Jo r dan( 9 ) o r Flip -Flop circuits. A great major-
ity of c ounting circuits are based on circuits which have two stable 
states; that is, a c ircuit which i s capable of counting odd or even, zer o 
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and one, or plus and minus. With groups of such circuits a system of 
binary counting can be advanced. Perhaps the most popular example of 
this type of circuitry is the Flip-Flop or E a:::c:les-Jordan trigger circuit. 
Four such flip-flop circuits are used to. count to ten in a manner to be 
described. With the aid of figure VI the theory of operation of the 
Eccles-Jordan circuit is as follows. At the outset we must assume the 
flip-flop to be in one of its two stable states, either T -6 conducting 
and T-7 off or T-6 off and T-7 conducting. Assume that tube T-6 is 
conducting. The grid of T -6 will then be at about cathode potential 
due to the grid biasing network and grid current. The grid of T -7 will 
assume a voltage below cut-of£ for T-7 by proper selection of the volt-
age dividing network comprised of the plate load of T-6 a 200K resistor, 
grid of T-7, lOOK resistor, and ground. If a negative pulse is applied 
to the plate of T-7, the voltage dividing network momentarily lowers 
the grid potential of T .. 6 towards cut-of£. Consequently the plate poten-
tial of T-6 is raised by the gain of the stage times the grid signal 
which raises the grid potential of T-7 through the voltage divider 200K, 
lOOK. Thus the amplified voltage raises the grid of T-7 above cut-of£, 
lowering by a further amplified factor the plate of T -7. This in turn 
further lowers the grid of T-6. The regeneration loop maintains itself 
until the grid potential of T -6 has fallen below cut-off and T -7 is fully 
conducting. The circuit has now arrived at its second stable state. 
The same process occurs in reverse by applying a negative pulse to the 
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plate of T -6. The output can be taken at either plate and will be of the 
form of a square wave for a series .of spikes applied to the input. 
The recovery time of the flip-flop circuit is not instantaneous 
since there must be time for the charges on the various circuit capaci-
tances to redistribute themselves. For a give·n tube, the value of the 
plate resistor determines to a large extent the recovery time since the 
capacitances must discharge through this resistance. The 50 micro-
micro farad capacitances serve to pass fast signals which otherwise 
might be lost due to -s·t r a ·y ·. capacitances. In the counting stages 
following the first, this capacitance plus the 200K resistor of the volt-
age divider serves as- a differentiator changing the negative going step 
function to a negative spike for the corresponding grid. 
To provide visual indication of the conducting tube, a neon 
light in series with a suitable resistor is placed in parallel with the 
plate resistor of T-6. 
The decimal counter used in this experiment is formally des-
ignated as a modulo ten binary counter. It consists of four modulo two 
(4) 
counters with suitable feed back circuitry to count to the base ten as 
shown in figure IV. 
The tenth pulse flipping the last stage of the counter causes a 
negative pulse to appear on the grid of T-18 through the differentiator 
of a 1000 .micro-micro farad condenser and a one megohm resistor. 
Consequently a positive pulse appears on the plate of T-18. This pulse 
18 
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through the coupling COD-denser appears on the grid of thyratron T -19. 
The grid of the thyratron is biased below firing potential through the one 
megohm resistor to a lOK potentiometer to a minus 150 volt supply. 
The positive pulse momentarily raises the grid of T -19 above firing 
potential causing the tube to fire, discharging the twelve micro-farad 
condenser through the tube and through the coil of a n1illisec -relay. 
The relay contacts permit the electro-mechanical counter to register 
one digit. 
To summarize the counters operation then, the first nine 
digits are counted on the neon lights. Every tenth digit is counted and 
recorded by the electro-mechanical counter. 
G. Limits of Apparatus 
The apparatus discussed above has certain limitations. If the 
linescan waveform frequency varies too much above the design frequen-
cy, the differentiation circuit no longer approximates a derivative but 
becomes merely a coupling network. Further since there exists 1 1/2 
volts hysteresis in the Schmitt Trigger circuit, differentiated peaks 
cannot be measured within these tolerances. All an1plifier tubes are 
assumed to have linear transfer characteristics on the operating portion 
of the tube characteristic. This of course is not strictly true. Also 
since the level selector works in only one direction hal£ of the slopes 
are not counted. In other words the positive going slopes are counted 
while the negative slopes are not. However, it is· assumed that the 
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stati stic s of the input signal are suc h that we should expect the same 
type wavefo rm rega r dless of the direction of target s c anning. 
H. Diffic ulties Encountered With the De r ivative Apparatus 
Many light sour ces were tried t o provide proper illumination of 
the ta r get. Tho se proving unsuc cessful were s o because of s ome s i xty 
cycle A. C. component in the ligh t o r be.cause the light source did not 
maintain a constant i lluminati on over an extended period of time. 
A gr e at deal of difficulty was experienc ed with noise in the 
pho totube. - The first attemp,t t o eliminate the noise was to rid the 
platfo rm of vibration sinc e an oscillosc ope across the load showed 
damped low frequency os c illation. T h is was removed w i th suitable 
dampi ng material plac ed under and about the workbenc h containing the 
phototube. There was still present however a considerable quantity of 
sixty cycle noise. The phototube, its components, and all its leads 
were sho rtened to a minimum and reshielded. H owever there was still 
present a great deal of high frequency n oise. The next consideration 
was to bandwidth limit the di rect coupled amplifier s ince,from Engstrom~S) 
we ha ve the f ollowing relati on betwe e n RMS noi se and bandwidth. 
where v Nrms = rms noise voltage 
Id = dark current 
L!. F = amplifier bandwidth 
e = elec tronic charge 
Sinc e the dark current appeared t o be of nominal value, about two micro-
I 
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amps its noise contribution was termed negligable. The amplifier was 
bandwidth limited by placi ng a 0. 01 micro -farad condenser in parallel 
with the load. The bandwidth of the amplifier was thell following de-
sign practice, approximately twice the bandwidth of the incoming signal 
sinc e for the half power point: R = 10(. 
= R 
f = 27f · 1o" 2 ...:._ /C C1-fc./($ /sec. 
However, the noise, although reduced,.was still of objectionable ampli-
tude. The next attempt was to substitute a battery power supply for 
the photo -multiplier instead of the transformer - rectifier· power supply 
in use. This had no effect. During the attempts to rid the photo-tube 
of noise various 931-A tubes were tried with little success. The next 
step was to inc rease the output voltage by using a larger l oad resistor, 
4. 7 megohms. The condenser had to be changed to maintain the proper 
bandwidth l i miting for the amplifie r , hence: 
C== 
f 
-~ 
0,002 •/0 
17 
R = 1-.7 . IO' 
The change resulted in increased s i gnal with little change in the noise 
level. From Engstrom(S) the signal to noise ratio is given by: 
S Ip 
N = (a_e_I~c1-J:.-F~)-:-~L" where Ip = photo current due to signal. There was 
some hesitation in selecting 4. 7 megohm grid resistor for a tube which 
has a manufacturers recommendation of not more than one megohm in 
the grid cir cuit. However, an empirical test disclosed no tendency 
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towards oscillation or instability. The following step in reducing the 
photo-multipller noise was cooling of the 931 -A by surrounding it with 
dry ice. The effect was a slight improvement insufficient for this appli-
cation. At this point the quality of the 931-A tubes was questioned. A 
known low noise level tube was secured and when tested, resulted in a 
greatly reduced noise level. 
The first stage of the flip-flop counting circuit was found to be 
extremely temperamental in the type of pulse required for triggering. 
Too long an input pulse cannot be used because of interference with the 
normal operatin_g time of the circuit. Pulse width is further limited 
since too short a pulse has no effect on the grid of the conducting stage. 
Excessive pulse amplitude is also objectionable because of destructive 
interference with the conducting plate signal. The negative pulse 
coming through the diode affects the plate held at B+ potential, ·. 
that is, the cut-of£ tube, but it should not materially affect the conduc-
ting plate since the negative pulse amplitude through the diode should 
never get much below this conducting plate potential. 
Care must be taken in matching the values of the two voltage 
dividing networks of the flip-flop circuit or an unbalanced condition may 
result;, i.e. the circuit may have a tendency to seek one stable . state 
more readily than the other. 
It was found that the voltage dividing network for the feedback 
loop on the last flip-flop stage of the counter is quite critical in order 
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not to draw excessive current through the load resistance of the second 
stage or prevent the tenth pulse from appearing on the second stage. 
III. Theory and Operation of Reflectivity Difference Apparatus 
Where in the previous system we were interested in recording the 
relative amplitude of the derivative of the linescan waveform, now 
we are interested in recording the relative reflectivity between sue-
cessive troughs and peaks of the original waveform, e. g. when the 
slope is positive the reflectivity is measured, when dR /dx is negative 
the reflectivity is not measured. In this manner all positive slope 
brightness changes are recorded with respect to a common baseline. 
The apparatus used is precisely the same described for the derivative 
apparatus, up to the photo-multiplier load, and from the Schmitt Trigger 
circuit through the counter circuit. 
A. Gating Circuit 
We shall now describe the operation of the circuit with the aid 
of figures XIII and XIV. The full voltage output of the photo -multiplier 
appears at the grid of T -23. The signal is amplified and inverted 
through the plate loaded amplifier so that greater reflectivity is observed 
as a higher voltage. This amplified signal is differentiated by a 0. l 
micro-farad coupling condenser and 910K grid leak resistor. The 
lower s i de of the resistor is biased to a negative voltage supply such 
that the zero signal current flowing through T -24 and the millisec relay . 
coil is insufficient to open the normally closed contacts of the millisec 
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relay. When a positive slope appears on the grid of T -24, the current 
through the relay coil increases and the contacts open. Whenever the 
derivative is zero or negative the contacts remain closed. The current 
required to operate the relay is 3. 65 milliamps; 2. 90 milliamps for 
release. Since there is a differential of 0. 75 milliamps, a high mu 
tube with a small plate load resistor was used. This insures minimum 
signal change necessary to .operate the relay. 
B. Relative Reflectivity Circuit 
The grid resistor of T -20 is a voltage divider of the photo-
multiplier load so that any signal desired can be put into the plate 
loaded amplifier T -20. The output of T -20 is coupled to T -21 thru a 
twenty micro -farad condenser and a one megohm resistor. Si nce the 
shortest rise time of the input signal is approximately two seconds, 
the time constant of this network is chosen as follows: 
RC ~ 10 • shortest rise time 
6- -6. . ( 1 xl 0 } • ( 20x1 0 } = 20 ~ 1 Ox2 
It is seen that the grid return of T-21 is through either a one megohm 
resistor or ground, depending on whether the millisec relay contacts 
are open or closed. 
The operation of the circuit can be described as follows: As 
the derivative of the signal becomes positive the relay contacts open 
allowing the condenser to charge along the positive going waveform. As 
the derivative goes to zero at the peak of the linescan signal, the relay 
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contacts close permitting the condenser discharge through a short 
circuit to ground. The grid remains at ground potential until the deriv-
ative bec omes positive, at this time the relay opens and the process 
repeats. In effect this means that any positive slope input signals can 
be brough t to a common baseline, facilitating measurement of their 
relative amplitudes. The cathode res i stor of tube T-21 provides the 
proper self bias for the tube. 
C. Level Selector 
T-21 is direct coupled to T-22 through a one megohm poten-
tiometer returned to a minus 150 volt supply. Level selection is 
accomplished by varying the D.C. grid to cathode potential by adjusting 
the 12K cathode potentiomete r and the one megohm grid potentiometer. 
The 150 micro -farad by -pass condenser of T -22 provides constant 
cathode bias for A. C. signals. T-22 is a plate loaded amplifier whose 
output i s connected to the input of the Schmitt trigger circuit. 
D. Difficulties Encountered 
There was some difficulty with leakage in an electrolytic 20 
micro-farad condenser. Two ten micro-farad oil immersed can con-
densers were secured with a very low leakage factor which eliminated 
this problem. A larger coupling condenser was tried at first but it was 
found that the discharge time constant of the coupling condenser through 
the 1 OK plate resistor of T -20 was too great, interfering with the input 
waveform on the plate resistance of T-20. The time constant used was 
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4 -5 RC = 10 • 2.10 = 0. 2 seconds. This is one tenth of the fastest rise 
time passed hence does not appreciably interfere with the correct 
operation of the circuit. 
E. Limits of Apparatus 
The apparatus is limited by the following considerations. If 
the signal frequency varies too much from the design frequency of the 
differentia tor, the output of the differentia tor no longer approximates 
a derivative. Consequently the relay contacts will not open and close at 
the correct times. Since the relay does not open and close at the same 
current or effectively the same grid potential, there will unavoidably 
be some delay in its operation. The coupling condenser and its as so-
cia ted circuitry will pass the A. C. component of the input signal only 
as long as its time constant is much greater than the fastest signal 
rise time. Any extremely slow rise times will tend to be differentiated. 
The coupling condenser also has some leakage, therefore when the 
switch is open the grid of T-21 tends very slowly (time constant twenty 
seconds) to rise towards cathode potential. The D. C. coupling between 
T-21 and T-22 is a one megohm potentiometer (the main adjustment in 
level selection). Since the grid of T-22 is connected to a voltage divi-
der, the input signal gain to the following stage changes with the level 
selected. However this D. C. level change is only three volts or 1. 2 
per cent change in gain between the maximum and minimum level selec-
ted. The gain is assumed constant over this range. The one megohm 
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resistor has a minimum voltage drop of 250 volts. Here again all 
tubes were operated on that portion of their characteristic curve assumed 
to be linear. 
IV. Experimental Results 
A. Relative Slope 
The recording and data analysis of the derivative of the line-
scan waveform was done in the following manner. With the level selec-
tor of the derivative apparatus set on its maximum level, the light 
intensity was adjusted on the tar get so that the highest slope of the 
b.est quality picture just failed to pass through the level selector. The 
level selector was then set to zero level and the recording of data 
started. Six scans on different portions of each picture were made per 
level selected. No attempt was made on successive levels to return to 
the line previously scanned. Hence each linescan for a particular level 
was chosen completely at random. At the end of each linescan (i.e. 
each rotation of the drum) the number registered on the counter was 
recorded. In the data on trees approximately 4, 800 counts were made 
for the three pictures. For the data on the two pictures of houses 
approximately 3, 000 counts were recorded. 
For a given level the counter records the number of slopes 
which are greater than the level selected. Thus at the zero level all 
of the slopes are counted, or more correctly one-half the total number 
of slopes existing on the picture are counted since the negative slopes 
are neglected. Therefore the counter itself registers the numb~r of 
slopes remaining with magnitudes greater than the level selected. 
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The six recorded counter readings per level per picture were 
summed for each level and picture. The total counts were then expressed 
as percentages of the total count oc c uring at the zero level. These 
percentages ~t this point run from 100 percent at the zero level to zero 
percent at the highest level. Each of these percentages were then sub-
tracted from one hundred giving the percentage complement (i.e. zero 
level is zero percent, maximum level is 100 percent). This permits 
a plot of cumulative frequency versus relative magnitude of the slope. 
The functions shown in figures XI and XII are the respective derivatives 
of the linescan in figures IX and X. 
B. Relative Reflectivity 
The operation and analysis of the data for the relative reflec-
tivity runs was recorded in a similar manner. The D. C. grid bias on 
tube T-24 (see figure XIV) was adjusted so that any positive slope 
operated the relay. With the grid bias set for the highest level selected 
on tube T-22, the input gain was selected by adjusting the 4. 7 megohm 
potentiometer in the grid circuit of T -20 so that the greatest reflec-
tivity failed to trigger the Schmitt trigger circuit. The level selector 
was then set at the zero level and the recording of data begun. Since 
all positive reflectivity changes are recorded at the zero level and none 
are recorded at the highest level, we again have the number of reflec-
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and the unusable (P) photo is marked. The (G) picture has slopes 
which are 155 percent greater than the maximum slopes present in the 
(P) photograph. Further, for any given level where both pictures have 
slopes of this magnitude, i.e. the first 39 percent of maximum slope 
available in the (G) picture, it is noted that on the average the number 
of slopes in (G) are 31 percent less than the number present in the (P) 
photo. 
Figures XIX and XX are plots of cumulative frequency of counts 
versus relative reflectivity for the (A), (B). and (C) pictures of trees 
and the (G) and (P) pictures of the Boston residential district. Looking 
at figure XIX it can be seen that the (C) photo has maximum relative 
reflectivity differences that are 6 percent greater than the maximum 
present in the (B) photo and 55 percent greater than the maximum 
present in the (C) picture. While the (B) photo has maximum reflec-
tivity differences 45 percent greater than the greatest present in the 
(A) picture. For the first 65 percent of maximum reflectivity difference 
of the (C) photograph, the number of relative reflectivity differences 
for any one level is on the average 18 percent less than the number 
present in the (B) picture and 23 percent less than the number present 
in the (A) picture. 
Similarly analyzing figure XX it was found that the (G) picture 
has relative reflectivity differences which are 23 percent greater than 
the maximum present in the (P) picture. Also for 81 percent of the 
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reflecti v i ty differenc es on the (G) photograph, the number of refle c tiv-
i ty diffe r ences fo r any one level selected is on the average 17 percent 
less than the number of the (P) photogr aph. 
V. CONCLUSIONS 
A. Summary 
F i ve pictures were chosen of varying quality by impartial ob-
serve r s. The problem was t o determine a measure of the quality of 
these photographs by electronic means. The photo graphic edge was 
selected as a fact o r c ontr o lling the quality of the picture, that is, that 
po r tion of the photograph which outlines or defines a picture element. 
A linescan ac r oss an edge produces a wavefo r m in which the edge can 
be defined in terms of magnitude and slope. An electronic device was 
built which linescanned the photo graphs, discriminated, and counted 
the slope and reflectivi ty differ e nce across the edges. -The resulti ng 
data was analyzed and presented in graphical f o rm. The results c lear-
ly show that the edge criterion has some correlation with picture 
quality, since in each c ase the excellent photograph stands out clear ly 
from the poor or unusable photograph. The difference in the quality 
of the pictures is shown i n the number of high value relative slopes and 
reflectiviti es and the low number of low value relative slopes and r eflec-
tivities in the good p i ctures as compared with the unusable pictures. 
B. Future Use of Apparatu-s 
The quality criterion having progressed this far, it would be 
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interesting, using the edge analysis stated above, to define a visual 
threshold edge .as being the minimum boundary surrounding an ob-
ject which is discernible by the eye. Since this threshold edge is also 
a function of spacial frequency we may define a threshold edge for a 
given picture only, or, in other words, possibly determine threshold as a 
function of frequency. However, analysis of various object content 
pictures may show a trend so that for a given type of picture the thresh-
old edge may be predicted. The apparatus developed here is directly 
applicable, at least for the initial phases of such a study. 
Assume a large number of photo interpreters were asked to 
map edges occurring from black to white along lines on photographs of 
various spacial frequency content all of which are of about mediocre 
or just usable quality. The just usable quality would have to be deter-
mined from a previous survey of the pictures. The returned data would, 
hopefully, be a linescan map of the occurrence of edges along the line on 
the pictures. This data would then be analyzed to form one composite 
map of each picture showing the average number of edges and the 
occurrence of this average number in relation to its original point on 
the photograph. The pictures w ould then be mounted on the drum and 
the pre -dawn lines on the photographs scanned. Let us say that the 
first scans will be made with the derivative apparatus. The differen-
tiator must necessarily be modified to accommodate each spacial fre-
quency scanned as will bandwidth limiting the condenser at the input of the 
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DC amplifier. The resulting derivative is level selected and counted. 
When the electronic count most closely approximates the average count 
from the data returned by photo-interpreters, the paper recorder can 
record at the input to the counter. This effectively yields a slope map 
electronically across the linescan of the picture. The level selector 
can then be adjusted .to give the maximum coincidence of electronic 
slopes to visual edges for a given number of edges counted. This 
point of maximum coincidence of slopes for edges counted is the average 
edge slope threshold for the given picture. The slope can be interpre-
ted absolutely from the linescan signal recorded on the paper recorder 
in relation to the reflectivity of a known substance also recorded on 
the paper trace ~nd a paper recording of the derivative. The deriva-
tive which just reaches the level of maximum coincidence on the paper 
recorded derivative is visually coincidenced with its original waveform 
on the paper trace of the linescan signal. The slope is then measured 
in terms of the percentage change in absolute reflectivity and the dis-
tance which this change occurred on the original photograph. An 
average of several such edges might yield an average threshold edge 
slope. The process could then be repeated with the other pictures and 
a curve drawn to represent the variation in edge slope threshold plotted 
against average spaCial frequency that occurs in the photograph. Pre-
cisely the same procedure would be followed with the relative reflec-
tivity apparatus arriving at an average minimum reflectivity difference 
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across an edge which registers on the eye. A graph could then be 
plotted of the average threshold edge reflectivity versus spa::i!al fre-
quency. It might then be possible to define the visual threshold edge 
quantitatively in terms of spa::i:al frequency present in the picture, 
reflectivity difference across the edge and the reflectivity slope across 
the edge. 
Future applications of the apparatus requiring the use of high 
frequencies require only minor changes in the relative slope apparatus. 
This consists of modifying the bandwidth limit of the D.C. amplifier 
and differentia tor. The relative reflectivity circuit however would have 
to be redesigned as suggested in figure XXI. 
VI. Abstract 
A study was previously made by Dr. Duncan E. Macdonald and 
his group at the Optical Research Laboratory of Boston University. 
This study dealt with the determination of photographic image quality 
AB 
by edge analysis, where an edge here was defined as B greater than 
or equal to ten percent occttrring between a successive trough and peak 
of a micro-densitometer trace across the photograph. A B is defined 
as the brightness change across the edge and B is the minimum abso-
lute brightness where this ch~nge took place. 
This thesis is a further study into the work done by Dr. Mac-
donald. The analysis of his data was done from direct measurements 
of the paper recorded micro-densitometer traces, but in this study it 
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was proposed that the same or similar data could be recorded auto-
matically using electronic equipment. This thesis presupposes no 
quantitative definition of an edge, but suggests that with further work a 
quantitative definition of an edge may be determined. An edge is 
simply defined as the boundary which separates a picture element from 
its surroundings on a photograph so that the object is discerni.ble to 
the eye. We assume that the quality of the picture is a function of its 
edges and that the edge can be described by two variables; 1) the slope 
or rate of change of brightness across the edge, and 2) the relative 
brightness difference across the edge. 
The equipment used was designed to measure the magnitude of 
the relative slope, and count the number of slopes of given magnitude 
in a unidirectional scan across the photograph. Other equipment was 
designed to measure the magnitude of the reflectivity difference across 
the edge and count the number of occurences for a given magnitude per 
linescan. An edge is defined electronically as the change in reflectivity 
from black to white of a uni-directional scan between any two points 
where the derivative of this linescan waveform is zero. In this defini-
tion no notice is taken as to whether an observer can detect the edge. 
Five aerial photographs were used in this study graded by im-
partial observers. Three of the photos are aerial photographs of trees 
graded as (A) unus~ble, (B) just usuable, (C) excellent. The other two 
pictures are aerial photos of the Boston suburban area graded as (P) 
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unusable and (G) excellent. These photographs were mounted on a 
rotating drum which can be adjusted so that any part of the drum can be 
scanned. The drum was illuminated from a suitable light source. - The 
target is imaged on a pinhole through an optical system. Behind the 
pinhole is a photo-multiplier tube. The output of the photo-tube serves 
as the input to a D.C. amplifier. The output of the amplifier is then 
a voltage scan of a line on the target. To work with the derivative of 
this waveform the voltage function is then differentiated and level selec-
ted. All derivatives above the level selected are counted on an elec-
tronic counter. By varying the level selector from zero to maximum 
level all derivatives are counted and magnitudes recorded. To get the 
reflectivity difference across an edge a circuit is used which allows an 
output of the linescan signal to appear only when the derivative is posi-
tive. Thus the reflectivity difference across an edge appears relative 
to a common base line irrespective of what background reflectivity 
the edge occurred. This in turn was electronically level selected and 
counted in the same manner as was the derivative. The data consisted 
of between 1, 500 and 2, 000 counts for every curve drawn. This data 
was reworked and presented in graphical form, as shown in figures 
XVII through XX, as cumulative frequency of counts plotted against the 
magnitude of the relative derivative of the edge in one case and the 
magnitude of relative reflectivity across an edge in the other. 
These curves show quite clearly that a difference exists be-
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tween the good and poor pictures. The excellent photos have slopes 
that are much greater than the just usuable or unusable pictures. The 
higher magnitude slopes seem to indicate the quality of the photograph, 
the lower value slopes being fairly uniform throughout. Similarly the 
higher reflectivity across an edge appears on the best quality photo-
graphs with commensurate degrading for poorer quality pictures. 
With the knowledge that the edge criterion chosen can lead to 
objective results for picture quality, it would be interesting to carry 
on this work in experimentally determining a definition for the thresh-
old photographic edge. This threshold edge is defined as the minimum 
observable boundary permitting a picture element to be seen in a 
photograph by a human observer. This could be done by using a large 
~ample from photo-interpreters and the apparatus already perfected 
for this thesis. 
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